Following a reinvigorated interest in the late 1990s, magnesium (Mg) and its alloys have experienced increasing research attention in the realm of biomaterials. From essentially no papers on the topic several years ago, there are presently 10-15 articles published in international journals each week dealing with different aspects of Mg bio performance. Given the dynamic nature of the topic, many works reproduce a great deal of information in a non-systematic manner, and unfortunately also repeat the same systematic errors -which leads to many articles providing information of limited value. This review seeks to provide a succinct overview of the area, highlighting some of the most important considerations for this field, and suggesting critical improvements and changes that are needed to ensure the continual and efficient development of Mg biomaterials.
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1) Introduction
The potential advantages of magnesium (Mg) over other non-resorbable biomaterials, especially for orthopedic applications, are obvious. The details in Table 1 are an abridged summary of some key considerations that have been consolidated to provide a succinct overview. If fully realized, functional bioresorbable implants based upon Mg-alloys would be unique to the field, providing the mechanical benefits of a metal combined with the degradable and biological advantages displayed by polymers and synthetic biomaterials. 1 However, in spite of significant recent research, there remain challenges to the successful implementation of Mg-based materials in a variety of applications in the body. Many of these challenges are related to corrosion, be it rate, morphology, or products, as discussed below,
The key advantages that Mg possesses over current materials, such as its biodegradability [2] [3] [4] [5] [6] [7] and low specific strength 8 (i.e. reduced chance of stress shielding), also pose some of the greatest challenges to its use in the wider context. The notion that implants made from Mg and its alloys from the bio perspective are designed to degrade also means that their shape and mechanical properties constantly change over the life of the implant, adding another layer of complexity to carrying out a full life-cycle design. [9] [10] [11] [12] This is in addition to the potential harm of hydrogen evolution 13, 14 and soluble (or insoluble) corrosion products 15 , which may contain elements of unknown toxicity. Such multiple and competing considerations require careful management and an interdisciplinary approach to research (involving metallurgists, corrosion scientists, toxicologists, mechanical modelers, and surgeons). As a consequence, whilst the benefits that Mg alloys offer over current materials are obvious; the potential pitfalls of working with Mg must be overcome through systematic research and careful planning. In the present study, which has been separated into topical areas below, some of the core issues presently related to the field are discussed.
2) The requirement to alloy Mg: Strength versus toxicity
Pure Mg is incapable of providing the necessary mechanical 16, 17 and corrosion 18 properties required for a wide variety of implant applications. Therefore potential alloying elements need to be carefully considered. Common alloying elements for Mg include aluminum (Al), zinc (Zn), calcium (Ca), rare earths (RE), lithium (Li) , manganese (Mn) and zirconium (Zr). Of all the available elements, perhaps the most controversial is Al. Al is the most common alloying addition to structural Mg-alloys 19 allowing a gain in mechanical properties whilst not increasing the corrosion rate. 20 Several studies have found few if any negative side effects when testing Al-containing Mg alloys both in vitro [21] [22] [23] and in vivo 24, 25 . It must be 3 considered though, that such studies were typically short-term and may have been heavily influenced by the corrosion of the alloy itself, especially in in vitro tests where platelet adhesion 21 or similar methods are used. In such cases it is realistically impossible to isolate the effect an increased corrosion rate might have on the perceived toxicity of the investigated alloy.
Long-term effects of exposure to Al are unclear, and animal studies have found Al toxicity to result in a variety of potential problems, from affecting the reproductive facilities 26 to inducing dementia 27 , and potentially leading to Alzheimer's disease 28, 29 . Similar biocompatibility concerns exist for alloys containing RE, which although studied in vitro [30] [31] [32] [33] and in vivo 34, 35 , also suffer from a similar lack of knowledge of their long term effects when implanted. 30, 36 This creates the potential that the significant amount of work that has been and will be performed using alloys containing Al/RE may, in the end, go unused if the materials cannot be proven to be non-toxic. One immediate knowledge gap in the literature that should be addressed with some urgency) is the recommended daily dosage limits for RE elements (i.e. Ce, La, Nd, Pr, Y, Gd). This is needed for the biomaterials field in general and not just for work related to Mg. Similarly, although Li has been used in medicine for almost 150 years 37, 38 , it has not been employed widely in implanted materials -where continual exposure may occur on the mg/day level. 39 The development of suitable biodegradable implant alloys is a multidisciplinary challenge, since freedom in alloy design must be confined to a range of alloying additions that are biologically nontoxic, whilst still providing the requisite mechanical properties. This leaves a small number of compatible elements that can provide mechanical or corrosion benefits when alloyed with Mg. The two which are perhaps the most biocompatible include Ca and Zn. 12 Although research using other alloying elements should continue, focus should be initially on the toxicity (especially over the long-term) of these two elements and their corrosion products before they can be developed more fully.
3) The role of alloy coatings: Slowing the initial corrosion rate
An area that has recently received (in the past 2 years) the most attention in the bio-Mg field is the study of coatings or surface modification to slow the degradation rates of various Mg alloys. 
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. Of all the methods currently reported in the literature, CaP coatings have garnered the majority of the attention due to their intrinsic biocompatibility (CaP deposition is a precursor to bone growth) 41, 42 , relative ease of deposition via various routes 43 44 , and widespread use for other biomaterials. 43, 45, 46 Some coatings, such as PLD and IBAD, require a line of sight for deposition and consequently are limited in their use for more complex shapes. 47, 48 Ion implantation is also a low throughput method, albeit studied previously. 49, 50 It is conceivable that coating technology will also be adopted from structural Mg-alloys, meaning that the future is likely to see a greater number of studies adopting more routine coatings, such as conversion coatings and ionic liquid treatments 51, 52 , and electrodeposited/electroless coatings 53 .
4) Challenges and future focus for Mg biomaterial research
There are a number of issues that appear to be currently holding back or slowing the development of Mg alloys as biomaterials. A primary issue is related to the fact that a strong knowledge of material science, corrosion engineering, and biological interactions is required to fully understand, properly design, and carry out appropriate experiments. In this sense, developing Mg biomaterials may be considered more difficult than developing most current metallic biomaterials, as Mg corrodes much more rapidly and the degradation must be part of the design process (i.e. not the case for stainless steel or Ti implants).
This challenge demands a complicated solution that requires consideration of toxicity, corrosion and mechanical performance over the life of the material. Unfortunately, much of the current literature, although sometimes promising, adds little actual valuable knowledge 5 towards systematic development of the Mg alloys. One obvious aspect of in vitro tests is that the environment is not dynamic like the human body, meaning it is a closed environment (unless special attention is paid to make it a more realistic experimental setup). These closed conditions very rapidly alter as a result of the corrosion process, with rapid changes in the pH (within tens of minutes), metal ion concentration, presence of soluble corrosion products, and hydrogen gas evolution (not just into the bulk, but stagnant bubble formation on corroding surfaces ), which would allow understanding of implant performance without the need for it to be physically produced. Such a tool would be extremely valuable for the final patient-specific implant design, where each implant (material and coating) could be designed specifically to match the needs of the intended recipient.
While the publication and collection of Mg biomaterial experiments is important, the benefit is minimized if the experiments are not performed appropriately. The degradation of the Mg alloy 6 is perhaps the most important aspect with regard to its success as it is related not only to its mechanical properties but also its toxicity and the potential for hydrogen gas problems. As such there are numerous tests available to investigate the corrosion rate, both instantaneous and long term. 54 Each of these tests has its own unique parameters and concerns that must be taken into account, not only when setting up and running the experiment but also to correctly interpret the resultant data. An outline of many such factors has been published previously 54 , but it is an area that must constantly be updated and improved. A standardized experiment design template, outlining the appropriate setup, operation, and interpretation of in vitro tests would be immensely useful for researchers in this field. Methods that can be directly compared across research labs will allow the community to efficiently collect good results and reduce the effort spent on irrelevant studies.
A thorough analysis by the author of over 150 articles published specifically on biocorrosion experiments for Mg highlights the apparent lack of understanding of the importance of some of the most common variables for these tests. 54 Over 35% of the papers which included mass loss experiments performed their tests at room temperature rather than the physiological temperature of 37 °C, a change which can affect not only the corrosion rate 58 but also the adsorption of proteins onto a surface 59, 60 . The author has found in his own work that, depending on the alloys, a change of just 17 °C results in an increase of between 50% to over 800% in the measured corrosion rate (depending on alloy and test method). Similarly for pH, which is normally maintained between 7.4-7.6 in the body, over 60% of all published work either did not mention pH at all, or did not maintain it throughout the test. Like temperature, pH is crucial not only to corrosion, in which it primarily affects the formation of any layers (such as Mg(OH) 2 or calcium phosphate) on the surface, but is also vital to the binding of proteins to the surface. Unfortunately, this research trend continues for other variables as well, including a lack of the use of a buffer to control pH (75% of the papers) 61 , and use of overly-simplistic solutions such as those containing just NaCl without any of the other inorganic minerals found in the body which are important to the formation of realistic corrosion layers (30%).
The cross-disciplinary nature of biocorrosion studies (which combine materials science, engineering, biochemistry, chemistry, medicine, etc) has the unfortunate consequence that important artifacts of experimental design and variable control can go overlooked when studies are performed by those who are experts in only some of these fields. As such, the errors that cause otherwise good science to be of limited or no real use, or at the very least, to be repeated, are commonplace in the literature. Currently, it seems this trend will likely continue if systematic improvements are not made. What is critically needed in this field is Other core variables, such as the minimum purity level that may be referred to as "pure"
Mg, should also be set and not be altered unless an experiment is specifically looking at the effect of this change.
The need and manner for establishing such a set of standards should be fully discussed and agreed to at an international level, possibly in a forum such as the yearly Biodegradable Metals
, since to be of greatest use they must be almost universally adhered to by biomaterial researchers These standards should not be proscriptive and in no way should inhibit or discourage researchers from developing new tests and improving those already established, but they should provide a common foundation on which most researchers could base their work. With set standards and thus an enhanced capability to compare research results on an international scale, it is expected that developments in the field would progress more rapidly and the amount of time wasted due to common experimental mistakes would be minimized. Once fully developed, these criteria should be submitted to the appropriate standards organizations (ASTM, NACE). 
5) Conclusion
As the first decade of intense and modern research into bioresorbable Mg-alloys begins to draw to a close -a logical conclusion from a critical appraisal of the open literature suggests that it is now increasingly timely for researchers in this field to transition from 'appreciating the potential benefits' towards 'engineering systems into a final product'. This will require a more systematic approach that fully incorporates the interdisciplinary nature of the endeavor. It would also greatly benefit from the establishment of appropriate experimental standards in order to maximize the comparability of research on an international level. Three other key actions which could lead to even greater and more rapid research gains in the development of Mg's potential as a viable implant material are:
• Determining the toxicity of all potentially hazardous alloying elements. This needs to be further explored before these materials could be seriously considered as biomaterial candidates; in particular, elements such as the family of rare earths (Ce, La, Pr, Nd, Y, Gd), Li and Zr must receive greater attention, along with their long term exposure hazards.
• Developing coatings for Mg biomaterials. Appropriate coatings will likely be necessary for any successful Mg implant in order to provide initial protection by slowing hydrogen evolution and permitting more ready implant acceptance in vivo. Any such coating, however, must display a controlled biodegradation rate.
• Establishing a database of published results with their associated experimental parameters. Such a database could lead to the development of an alloy performance prediction method (such as a neural network). The database should be open access for greatest impact.
All of these actions could be undertaken either now or in the near future and that they would be of tremendous benefit for all future research in the field of Mg as a biomaterial. 65 This is 2 x greater than one of the most commonly used titanium alloys (Ti6Al4V, 260 kN•m/kg) and as a result less material may be used to provide a similar mechanical function in the body.
High Damping Capacity
Mg is unique due to its extremely high damping capacity (ability to absorb energy), the highest of any metal. 66 In the biomedical field this can be very important in heavy load-bearing applications, where the shock and vibration absorbing properties of Mg could provide significant benefit over other materials.
Machinability and Dimensional Stability
Mg is recognized as the easiest structural metal to machine, and stable final dimensions are easy to achieve. 67 Consequently complex shapes are easily producible, which is crucial for the often intricate shapes that are required for medical applications, which frequently have to be tailored individually to fit each patient.
Reduction in likelihood of stress shielding
Stress shielding is the process by which bone mass and density will decrease in the vicinity of an implant with a mismatched (usually higher) stiffness value, as it transfers the load away from the adjacent bone. This can cause serious problems and implant failure if it continues, [68] [69] [70] [71] and is known to be a problem with current orthopedic devices based on stainless steel or titanium, which have a density, elastic modulus, and yield strength an order of magnitude higher than that of bone.
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Pure Mg has an elastic modulus of ~45 GPa, which is much closer to that of human cortical bone (~20 GPa) than most common Ti alloys (110-120 GPa).
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Combined with a density very close to that of bone, stress shielding related problems can be greatly reduced for many orthopedic implants, most critically in high load bearing areas.
Biocompatibility and osteogenesis
Current biomaterials such as pure Ti are relatively inert in the body, meaning they exhibit little host response, positive or negative. 73, 74 In contrast, Mg is considered biocompatible and non-toxic [2] [3] [4] [5] [6] [7] , and has been shown to increase the rate of bone formation 5, 75 . Mg is also an important ion in the formation of the biological apatites that make up the bulk of bone mineral, a key part to new bone formation. 76, 77 Mg is known to have a positive influence on bone fragility and strength. 5, 78, 79 Safe degradation Titanium, stainless steel, and Co-Cr implants are not designed to degrade safely in the body. However, all surgically implanted metal alloys undergo some electrochemical degradation due to the complex and corrosive environment of the body. 80 Combined with significant wear that can occur in load-bearing applications, particles of the implant can be released into the surrounding tissues, causing discomfort and potential health risks. 81, 82 In addition this wear and corrosion can lead to the need for a second implant during the patient's lifetime. Although the bulk material may be considered bio-inert, the way in which the particles are metabolized within the body can lead to acute inflammation and eventually implant failure. 83 Mg has the unique position of being able to minimize all these issues. The gradual release of Mg ions in the body is dealt with effectively [2] [3] [4] [5] [6] [7] . The corrosion of Mg in the body would result in an eventual complete degradation.
This means the implant would not remain in the body for longer than is needed to perform its task and/or be replaced by bone. This also means that patients would benefit from only temporary exposure to a "foreign" object in their body. This is extremely crucial, as over time complications can and do occur for many implants, with more issues likely to arise the longer an implant remains in vivo.
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Drawbacks
Low Elastic Modulus
Although the lower elastic modulus of Mg may be beneficial with respect to stress shielding, it also means that there may be a greater chance of failure in high-load applications, such as the spine where compressive loads during certain activities may exceed 3500 N. 85 It is vital to ensure that any implant is designed to sustain its load without deformation. However this aspect is even more crucial when considering degradable materials, as an appropriate mechanical support is required throughout the entire bioresorption and bone remodeling process.
Rapid degradation
Mg implants are intended to completely degrade but at a rate that reduces H 2 gas formation and that is similar to bone remodeling. The rapid degradation of Mg implants observed early in the last century 86, 87 has been greatly reduced by recent advances in controlling the purity of Mg and alloying elements, however they remain an issue.
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Resorption problems
The rapid degradation of Mg alloys may cause an adverse biological response as Mg and other element ions are released too quickly into the surrounding tissues. All of the alloying elements will eventually enter the patient and must be selected with non-toxicity as a primary factor. However, elements normally present in the body (e.g. Zn, Ca, Mn) can also be toxic if the release rate is too high as the levels cannot be dealt with appropriately (e.g. excess Mg via kidneys, hydrogen gas via soft tissues). Thus, a truly biocompatible Mg alloy is required to avoid the use of toxic alloying elements and ensure an appropriate release rate for other elements, even those which are naturally occurring. bubbles may delay healing at the surgical site, leading to necrosis of surrounding tissue. In the worst case scenario, gas bubbles could block the blood stream, causing death. 91 If the degradation is too rapid, the amount of H 2 92 produced will accumulate where it cannot diffuse through the surrounding soft tissues at a sufficient rate.
Hydrogen evolution
The in vitro hydrogen evolution rate for various Mg alloys containing Zn, Al, and Mn are reported to be within tolerable rates (i.e. < 0.01 ml/cm2/day).
